Mucopolysaccharidosis type IIIA (MPS-IIIA or Sanfilippo syndrome) is a lysosomal storage disorder caused by the congenital deficiency of sulfamidase (SGSH) enzyme and consequent accumulation of partially degraded heparan sulfate (HS) in lysosomes. The central nervous system (CNS) is the predominant site of tissue damage in MPS-IIIA. Here we describe a gene therapy approach for MPS-IIIA in a mouse model using recombinant adeno-associated virus serotype 5 (AAV2/5) as a vehicle to deliver therapeutic genes to the CNS. SUMF1 (SUlfatase Modifying Factor 1) exhibits an enhancing effect on sulfatase activity when coexpressed with sulfatases. Consistent with these findings, we demonstrated that co-delivery of SUMF1 and SGSH (via an AAV2/5-CMV-SGSH-IRES-SUMF1 vector) resulted in a synergistic increase in SGSH activity, both in primary neural cells and in murine brain. A study aimed at testing the therapeutic efficacy of simultaneous brain administration of SUMF1 and SGSH was then performed by injecting the lateral ventricles of newborn MPS-IIIA/normal mice with either AAV2/5-CMV-SGSH-IRES-SUMF1 or AAV2/5-CMV-GFP vectors. Widespread GFP expression was observed within the GFP-injected brain, and a stable and significant increase of SGSH activity was detected in several brain regions following SGSH-IRES-SUMF1 administration. Treatment with AAV2/5-CMV-SGSH-IRES-SUMF1 vectors resulted in a visible reduction in lysosomal storage and inflammatory markers in transduced brain regions. Finally, the MPS-IIIA mice treated with therapeutic genes displayed an improvement in both motor and cognitive functions. Our results suggest that early treatment of CNS lesions by AAV-mediated intraventricular injection of both SGSH and SUMF1 genes may represent a feasible therapy for MPS-IIIA.
INTRODUCTION
Deficiency of lysosomal hydrolases causes the storage of intermediate catabolites in lysosomes. This results in chronic and progressive conditions known as lysosomal storage disorders (LSDs). LSDs comprise more than 45 monogenic disorders characterized by a wide spectrum of clinical problems, leading to organ dysfunction and early mortality (1) . Mucopolysaccharidosis type IIIA (MPS-IIIA or Sanfilippo syndrome) belongs to a subgroup of LSDs, the mucopolysaccharidoses (MPSs), that are caused by the deficiency of lysosomal enzymes responsible for the catabolism of glycosaminoglycans (2) . MPS-IIIA arises from the congenital loss of function of sulfamidase (SGSH), a sulfatase enzyme involved in the step-wise degradation of heparan sulfate (HS). There are three other subtypes of MPS-III (B, C and D), all of which are caused by deficiencies in different enzymes required for HS catabolism. MPS-IIIA is the most frequent subtype in some populations and is also the most common of the MPS disorders (3) .
In many LSDs, and in MPS-IIIA in particular, the central nervous system (CNS) is the predominant site of pathology. In fact, although the somatic organs are affected in # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org MPS-IIIA, the dominant clinical features are neurological dysfunction and neurocognitive decline. As a result, patients experience a wide range of symptoms, including delayed development, mental retardation, rapid loss of social skills and learning ability, disturbed sleep, aggression and hyperactivity (2) .
Currently, there are two canine models (4, 5 ) and a murine model (6, 7) with SGSH deficiency. The MPS-IIIA mouse model results from a spontaneous missense mutation (D31N) in the catalytic site of the SGSH enzyme that reduces its activity to 3% of normal mouse (8) . MPS-IIIA mice exhibit HS storage from birth (7, 9) ; by 3 weeks of age, become hyperactive; and from 10 weeks, start to display aggressive behavior (10) . As the disease advances, a hunched posture together with hepato-splenomegaly is observed. The affected mice also become less active and death is common by 12 months of age (6, 10) . Disease progression in MPS-IIIA mice is similar to that observed in MPS-IIIA patients, making the mice an excellent model for evaluating the pathogenic mechanisms of disease and for the development of therapeutic strategies (7, 10) .
No effective and safe clinical therapies for MPS-IIIA patients have been reported to date. Hematopoietic stem cell transplantation or bone marrow transplantation represent effective treatment options for several LSDs involving the CNS, but have been largely unsuccessful in MPS-III patients for reasons that are not well understood. In addition, enzyme replacement therapy (ERT) protocols are currently available for Gaucher, Fabry and Pompe diseases, MPS-I, MPS-II and MPS-VI. ERT at traditional doses is not expected to treat CNS disease.
Although high-dose intravenous ERT could potentially provide treatment for CNS disease (11) , the extent of clinical improvement in CNS signs following high-dose ERT in MPS disorders is, as yet, untested. Another long-term and potentially once-off therapeutic strategy is gene therapy. Recombinant adeno-associated virus (rAAV) vectors offer a high level of safety combined with clinical efficacy and versatility in terms of potential applications (12) . Moreover, rAAV vectors are capable of efficiently transducing non-dividing cells in the absence of pathogenic or inflammatory effects (13), and they have been shown to be effective as therapeutic agents for the treatment of neuropathological lesions in several MPS diseases (14 -16) .
In the present study, we tested the therapeutic efficacy of rAAV serotype 5 as a tool to deliver both SUMF1 (SUlfatase Modifying Factor 1) and SGSH genes directly to the CNS of newborn MPS-IIIA mice. SUMF1 is the enzyme that catalyzes the post-translational modification of a cysteine residue located within the sulfatase active site into a-formylglycine, resulting in sulfatase activation (17, 18) . Indeed, in a rare autosomal recessive disorder, multiple sulfatase deficiency, the activity of all sulfatases is profoundly impaired owing to SUMF1 deficit (19) . We and other groups have previously shown that simultaneous over-expression of SUMF1 and human sulfatase cDNA results in a strikingly synergistic increase in enzyme activity of each sulfatase examined, both in vitro and in vivo, indicating that SUMF1 is both an essential and a limiting factor for sulfatases (17, 20, 21) . The results obtained here demonstrate that a reduction in pathological brain lesions and an improvement in behavioral phenotype is possible in MPS-IIIA mice following treatment with rAAV expressing both SUMF1 and SGSH.
RESULTS
Determination of SUMF1-enhancing effect on SGSH activity in murine primary cultured neural cells and in the murine brain Primary neural cells derived from newborn normal (heterozygotes, phenotypically unaffected) and MPS-IIIA mice were infected with AAV2/5-CMV vectors expressing GFP, SGSH, or both SGSH and SUMF1 genes. The contemporaneous expression of SGSH and SUMF1 proteins was achieved by using an IRES cassette between SGSH and SUMF1 cDNAs (AAV2/5-CMV-SGSH-IRES-SUMF1). Five days after infection, GFP-infected normal neural cells displayed 10-fold higher enzyme activity with respect to GFP-infected MPS-IIIA cells (Fig. 1A) . A significant increase in SGSH activity (P , 0.05) was observed in both normal and MPS-IIIA neural cells after infection with AAV encoding SGSH alone (Fig. 1A) . The co-expression of SUMF1 together with SGSH via AAV2/5-CMV-SGSH-IRES-SUMF1 transduction led to a significant additional increase in SGSH activity (P , 0.05) (Fig. 1A) .
To substantiate the enhancing effect of SUMF1 in vivo, we tested the effect of simultaneous delivery of both SGSH and SUMF1 versus SGSH alone in the murine brain. To this end, newborn normal and MPS-IIIA mice received microinjections of 6 Â 10 9 particles of AAV2/5-CMV-SGSH-IRES-SUMF1, AAV2/5-CMV-SGSH or AAV2/5-CMV-GFP bilaterally into the lateral ventricles. Six weeks post-injection, examination of tissue sections revealed that the most rostral brain slice from GFP-injected mice was the most intensely stained and thus the most efficiently transduced. SGSH activity was then measured in this hemi-coronal segment (see diagram in Fig. 1B ). SGSH activity in normal GFP-injected mouse brain was 16-fold higher compared with the amount detected in the GFP-injected MPS-IIIA mice (Fig. 1B) . A 2-fold increase in enzyme activity was observed following SGSH administration to MPS-IIIA mouse brain, and the simultaneous delivery of SGSH and SUMF1 resulted in an additional 1.5-fold increase in enzyme activity (P , 0.05) (Fig. 1B) . Notably, neither SGSH nor SGSH-IRES-SUMF1 produced a significant increase in SGSH activity in the normal mouse brain (Fig. 1B) .
Effect of AAV2/5-mediated delivery of SGSH and SUMF1 genes on the clinical and neuropathological course of disease in the MPS-IIIA mouse
The therapeutic efficacy of AAV-mediated simultaneous delivery of SUMF1 and SGSH to the CNS of newborn MPS-IIIA mice was then examined. Either AAV2/5-CMV-SGSH-IRES-SUMF1 or AAV2/5-CMV-GFP vectors (3 Â 10 10 viral particles) were administered bilaterally to the ventricles of both unaffected and affected newborn mice. normal GFP-injected mice revealed that the olfactory bulb was the most efficiently transduced region ( Fig. 2A and B) . The choroid plexus in the lateral ventricle was also strongly transduced, whereas less-intense GFP expression was also detected in the cerebral cortex (above the ventricle), in the dentate gyrus of the hippocampus and in the striatum (Fig. 2D -G) . At 12 weeks post-injection, a similar distribution of GFPpositive cells remained, with the addition of low but significant GFP expression that became evident in the thalamus (Fig. 2H ) and in both the Purkinje cell neurons and cerebellar nuclei (Fig. 2I) . At 5 months post-injection, GFP expression persisted vigorously in the olfactory bulb, and fluorescence was also observed in other brain regions such as the choroid plexus, cerebral cortex and striatum ( Fig. 2C ; data not shown). SGSH activity was then determined in brain extracts, following dissection of the brain into five coronal slices (anterior to posterior: A, B, C, D, E; see brain sections in Fig. 3) . Consistent with the results described earlier, in all five brain slices and at all ages examined, SGSH activity in normal mice (GFP-treated) was 13-to 16-fold greater than that measured in GFP-injected MPS-IIIA mice (Fig. 3) ; no significant difference was observed between GFP-treated and SGSH-IRES-SUMF1-treated normal mice (data not shown). A 2-to 3-fold increase in SGSH activity was observed in SGSH-IRES-SUMF1-treated (versus GFP-treated) MPS-IIIA mice in the anterior segments of brain from 6 weeks post-injection, which persisted until at least 22 weeks post-injection (Fig. 3) . The distribution of enzyme activity in SGSH-IRES-SUMF1-treated MPS-IIIA mice correlated well with the GFP staining in GFP-injected mice: for example, slice A contains the olfactory bulb, and slices B and C contain the choroid plexus, parts of cerebral cortex, striatum and hippocampus, structures that contained GFP-positive cells; conversely, slices D and E had no detectable increase in SGSH activity and comprised brainstem regions and cerebellum, in which the GFP signal was absent or only present at very low levels.
Correction of neuropathological storage in SGSH-IRES-SUMF1-treated MPS-IIIA mice MPS-IIIA mice injected with AAV2/5-CMV-SGSH-IRES-SUMF1 along with normal and MPS-IIIA GFP-treated mice were assessed for the presence of pathological storage in the brain. Electron microscopy (EM) analysis of GFP-treated MPS-IIIA mouse brain showed, at all ages examined, a picture of pathological accumulation similar to that previously reported (6, 7, 22) : glial cells exhibited large electron-dense vacuoles, in some cases containing granular material (Fig. 4B) ; olfactory bulb mitral cells and pyramidal weeks (H and I) and 22 weeks (C) post-injection. DAPI (A) and GFP staining (B and C) demonstrated that the olfactory bulb was the most strongly transduced region, with GFP expression detectable in most of the olfactory bulb cell layers. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granular cell layer. The choroid plexus (D), the cerebral cortex (above the ventricle) (E) and, at less extent, the dentate gyrus of the hippocampus (F) and the striatum (G) were also efficiently transduced (D -G). A low but significant GFP expression was evident in the thalamus (H) and in both the Purkinje cell neurons and cerebellar nuclei (I). Scale bar: 60 mm. The arrow indicates the injection site. We examined one mouse for each treatment group and counted 50 neurons and 50 glial cells per mouse. We found that the number of neurons with storage material decreased by 90% with respect to GFP-injected MPS-IIIA mice, and, where present, the vacuoles were smaller in size and number. The reduction in storage was less evident in glia, with about a 20% reduction in the number of glia with vacuoles. Although the accumulation of HS represents the primary outcome in MPS-IIIA, GM2 and GM3 gangliosides secondarily accumulate in this and other MPS disorders (23) . Consistent with these findings, anti-GM2 immunofluorescence was observed in brain sections taken from the cerebral cortex (Fig. 4K ) and the striatum (Fig. 4N ) of both 12-and 22-week-old GFP-injected MPS-IIIA mice. The fluorescence signal was undetectable in brain sections taken from the same regions in normal mouse brain ( Fig. 4J and M) and appeared greatly reduced in the corresponding regions of SGSH-IRES-SUMF1-treated MPS-IIIA mouse brain ( Fig. 4L and O).
Reduction of inflammation in SGSH-IRES-SUMF1-treated MPS-IIIA mice MOMA-2 specifically marks activated macrophages during the inflammatory process (24) . Brain sections from both 12-and 22-week-old GFP-treated unaffected mice revealed a complete lack of MOMA-2 immuno-reactivity in all areas examined (Fig. 5A , E and I; data not shown). Conversely, in the corresponding areas of 12-week-old GFP-treated MPS-IIIA mice, a large number of MOMA-2 immuno-positive cells were detected, thus revealing a massive activation of microglia throughout the CNS of affected mice (Fig. 5B , F and J; data not shown). An increase in both number and extent of MOMA-2 staining was observed with age ( Fig. 5B, F and J versus C, G and K). Notably, the MOMA-2 staining appeared to depict many macrophages in close association with neurons, consistent with EM observations (Fig. 5M and N) . Treatment with AAV vectors expressing both SGSH and SUMF1 reduced microglial activation in both the cerebral cortex and the striatum in affected mice ( Fig. 5D and H) . However, some areas such as the cerebellum and brainstem showed no difference in MOMA-2 staining following SGSH-IRES-SUMF1 treatment ( Fig. 5L ; data not shown). These regions partially overlapped with the brain areas that were not significantly transduced upon AAV-mediated delivery. 
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Immunostaining with an anti-GFAP antibody that specifically stains reactive astrocytes showed a diffuse immunoreactivity in several brain areas, and the difference between normal and MPS-IIIA mice was a matter of degree, as previously reported (25) . The cerebral cortex and striatal regions most clearly indicated a difference between GFP-treated affected mice and normal mice. In fact, at both 12 and 22 weeks of age, we observed a very strong GFAP immunoreactivity in both the cerebral cortex and striatal regions of affected GFP-treated mice (Fig. 6B, E, H and K) , whereas the normal mice exhibited a low immunoreactivity (Fig. 6A, D , G and J). The astrogliosis increased with age ( Fig. 6E and K versus B and H) and was reduced in MPS-IIIA mouse brain upon SGSH-IRES-SUMF1 treatment (Fig. 6C, F, I and L).
Behavioral assessment To determine the effect of AAV transduction on motor and cognitive deficits in affected mice, we undertook three different behavioral tests on male mice at different ages after treatment at birth. Hind-limb gait was determined with a footprint test at 18 weeks, which revealed a significant reduction (P , 0.05) in both gait length and width in MPS-IIIA GFP-treated mice compared with normal (GFP-and SGSH-IRES-SUMF1-treated) mice. The treatment of MPS-IIIA mice with the AAV-SGSH-IRES-SUMF1 vector resulted in the recovery (P , 0.05) of normal gait (Fig. 7A) . Open-field locomotor activity was measured 10, 15, 18 and 21 weeks after AAV injection. The activity in all mice generally decreased from 10 to 18 weeks, and during this time, no significant differences were observed between normal and MPS-IIIA mice regardless of the treatment (Fig. 7B) . At 21 weeks of age, the MPS-IIIA GFP-treated mice became significantly more active (P , 0.05) compared with normal (GFPand SGSH-IRES-SUMF1-treated) mice, whereas the MPS-IIIA mice treated with SGSH-IRES-SUMF1 showed exploratory activity similar to that observed in normal mice (Fig. 7B) .
Finally, we evaluated the effect of treatment on memory and spatial learning capability using the Morris water maze (MWM) test. During the first 2 days of the test (visual phase), no significant differences in either visual ability or swim speed were observed among groups (Fig. 7C) . Consistent with previous findings (7, 22) , the acquisition phase revealed an impaired spatial learning function in affected mice. In fact, although on the first day of the acquisition phase (day 3 of testing) all mice exhibited similar latencies to reach the platform, on subsequent days, MPS-IIIA mice (GFP-treated) took a significantly longer time (P , 0.05) to locate the platform compared with normal (GFP-and SGSH-IRES-SUMF1-treated) mice (Fig. 7C) . Conversely, the search time assessed for SGSH-IRES-SUMF1-treated MPS-IIIA mice was similar to that measured for normal mice (Fig. 7C) , thus demonstrating an improvement in cognitive function in affected mice upon treatment with both SGSH and SUMF1. In the last 2 days of the acquisition phase (days 6 and 7), all mice performed similarly and no significant differences were measured in searching time (Fig. 7C) . The improvement in MWM performance in MPS-IIIA mice treated with AAV expressing both SGSH and SUMF1 was confirmed in the probe (or memory) phase, performed the day after the acquisition phase ended. The analysis of each of the four trials during the probe phase showed that normal (GFP-and SGSH-IRES-SUMF1-treated) and SGSH-IRES-SUMF1-treated MPS-IIIA mice spent a significantly (P , 0.05) longer time in the target quadrant compared with the other quadrants during all trials (Fig. 7D) . Conversely, the GFP-treated MPS-IIIA mice that learned the position of platform during the last days of acquisition phase spent a significantly (P , 0.05) longer time in the target quadrant only during the first probe trial, and an equal time in each quadrant during the last trial, demonstrating a rapid loss of knowledge of the platform's location (known as extinction) (Fig. 7D) .
DISCUSSION
CNS involvement in MPS-IIIA is very severe. At present, there is no therapy available for the treatment of CNS pathology in MPS-IIIA patients. Intracerebrospinal fluid enzyme delivery appears to be an effective way of delivering lysosomal enzymes to the CNS (26) . However, given the invasive means by which enzyme will need to be repeatedly delivered, it is, at best, a short-to medium-term treatment option. Gene therapy is still largely unexplored as a potential treatment for MPS-IIIA. We have utilized the MPS-IIIA mouse to demonstrate the validity of a new gene therapy approach based on the co-delivery of SGSH and SUMF1 to the lateral ventricles of neonatal mice using AAV2/5 vectors. The AAV serotype 5 has been demonstrated to be more efficient than other AAV serotypes in transducing different regions of the mammalian nervous system (27) . Consistent with these studies, we found that AAV2/5-CMV-GFP targeting of the lateral ventricles in newborn mice can mediate an efficient and stable distribution of the GFP. After intraventricular microinjection, the GFP signal was not limited to areas surrounding the injection site (choroid plexus/ependyma) but extended to more distant regions, such as the cerebral cortex, hippocampus, thalamus, cerebellum and olfactory bulb. Moreover, GFP expression persisted for up to 9 months post-injection. Very high GFP expression was observed in the olfactory bulb, most likely because the subventricular zone of the lateral ventricle is the site of neural precursors that generate new olfactory bulb interneurons throughout adulthood (28) .
SUMF1 was able to synergistically increase SGSH activity in vitro (in primary neural cells) and in vivo (in the brain of MPS-IIIA mice). The distribution of SGSH activity in the brain of MPS-IIIA mice injected with AAV2/5-CMV-SGSH-IRES-SUMF1 vectors was consistent with the GFP transduction pattern. The amount of enzyme detected in brain slices containing transduced areas was up to 3-fold higher than that detected in the corresponding slices of MPS-IIIA mice injected with GFP. The low enzyme activity observed in such slices can be ascribed to the presence of both transduced and untransduced areas in the brain slice. Conversely, no change in SGSH activity was observed in the brain of normal mice upon infection with AAV2/5 expressing SGSH, or both SGSH and SUMF1. We hypothesize that, in this context, the high amount of endogenous SGSH activity may have masked the contribution of the exogenously supplied enzyme. We did not undertake an ELISA to detect the presence of anti-human SGSH antibodies in samples taken from AAV-treated mice. Previous (26) and on-going studies in MPS-IIIA mice (unpublished data) suggest that the congenic strain of MPS-IIIA mice does produce anti-SGSH antibodies when treated with recombinant enzyme either intravenously from birth or when intracerebrospinal fluid delivery of enzyme begins in adulthood. The presence of the antibodies does not appear to affect the ability of the enzyme to reduce lysosomal storage and improve other pathological changes. No evidence of a cellular immune response was observed in the pathological examination of brain tissues from AAVtreated mice. Moreover, several studies have demonstrated that the use of a widely expressed promoter such as CMV or phosphoglycerate kinase in the CNS results in long-term expression of the transgene in the absence of any immune response-suppression effect (14, 29, 30) . Our observation of long-term gene expression in AAV-treated mice is in agreement with these findings.
The amount of SGSH activity in the transduced brain areas of SGSH-IRES-SUMF1-injected MPS-IIIA mice was sufficient to obtain a stable correction of primary and secondary pathological storage over the 5-month duration of the experiments in selected brain regions. Examined histologically, the decrease in storage material appeared more evident in neurons compared with glia. This might be due to the tropism of AAV5 serotype vectors that almost exclusively transduce neurons and occasionally transduce glial cells (31) . It should be highlighted that the reduction in pathological storage was only evident in the brain areas efficiently transduced by the AAV2/5 vectors (for example, striatum, cerebral cortex and olfactory bulb). In fact, when entire brain slices encompassing both AAV-containing and non-AAV-containing areas were quantitatively analyzed for pathological storage by measuring the relative amount of glucosamine-N-sulfate [a21,4]hexuronic acid (HNS-UA) in the brain extracts (9, 26) , no significant reduction in the level of HNS-UA was observed (Supplementary Material).
Although treatment of neural cells with AAV (encoding either SGSH or SGSH/SUMF1) resulted in a significant increase in SGSH activity in both normal and MPS-IIIA neural cells (Fig. 1A) , we did not determine which type of cells were infected, or whether there were uninfected (but treated) cells in the cultures: these would presumptively have been treated via uptake of secreted enzyme. Therefore, it is not possible to definitively say that cross-correction occurred. This is consistent with the tropism of AAV5 (preferentially neuronal) and our in vivo observation of greater reduction in neuronal storage than glial storage following AAV treatment.
The development of inflammation in the CNS is associated with neurodegeneration in several LSDs (32 -35) . The underlying cause and ultimate impact of neuroinflammatory changes on disease progression in LSDs that affect the brain are not yet fully understood. Interestingly, a clinical improvement was observed in Sandhoff disease mice (36, 37) when inflammatory changes within the brain were reduced in the absence of any effect on lysosomal storage. Further, synergistic effects are seen when therapies designed to reduce lysosomal storage are combined with anti-inflammatory medication (36) . Our results reinforce previous observations (25) , indicating that a vigorous inflammatory response also takes place throughout the brain of MPS-IIIA mice. In the present study, Human Molecular Genetics, 2007, Vol. 16, No. 22 2699 we showed that the CNS of MPS-IIIA mice displayed a remarkable degree of reactive astrocytes and a large number of activated macrophages. Notably, EM analysis and MOMA-2 staining indicated that microglial cells containing storage vacuoles were often found juxtaposed to neurons from which they most likely endocytose undegraded materials. The appearance of perineuronal microglia has also been previously reported in MPS-IIIB mice (34) . Treatment with AAV2/5 vectors expressing SGSH and SUMF1 significantly reduced the population of activated macrophages/microglia and astrogliosis in the CNS-transduced areas of MPS-IIIA mice.
Disease progression in MPS-IIIA mice results in severe neurodegeneration, causing both locomotor and learning dysfunction, which have been documented using a variety of behavioral tests (7, 10, 22) . In the present study, a reduction in various aspects of neuropathology in the brain of SGSH-IRES-SUMF1-treated MPS-IIIA mice was associated with an improvement in behavioral phenotype. The injection of SGSH-IRES-SUMF1 in the brain of MPS-IIIA mice restored normal gait properties. Moreover, the increased exploratory activity displayed by GFP-treated MPS-IIIA mice following repeated open-field testing was reduced to a level similar to that observed in normal mice upon SGSH/ SUMF1 treatment. Notably, the increased exploratory activity of GFP-treated MPS-IIIA mice might suggest that the affected GFP-treated mice do not remember the test arena and thus, as they age, explore the open field as if it was a new environment rather than one already explored. Finally, cognitive functions also appeared to ameliorate with SGSH/SUMF1 treatment as evidenced by the improved performance of SGSH-IRES-SUMF1-treated MPS-IIIA mice in both acquisition and probe phase of the MWM test.
In all the behavioral tests employed, the performance of normal mice treated with either AAV2/5-CMV-SGSH-IRES-SUMF1 or AAV2/5-CMV-GFP was indistinguishable, thus indicating that the change in behavior observed in MPS-IIIA mice upon treatment with AAV2/5-CMV-SGSH-IRES-SUMF1 was due to the introduction of therapeutic genes.
Although we cannot exclude the possibility that in vivo transduction with SGSH alone might be sufficient to provide appropriate amounts of SGSH required to improve the disease phenotype in MPS-IIIA, our results demonstrate that co-expression of SUMF1 with SGSH results in a significant enhancing effect on SGSH activity both in vitro and in vivo. Consequently, a reduction in clinical and neuropathological signs in MPS-IIIA mice can be achieved after simultaneous AAV2/5-mediated delivery of SGSH and SUMF1 genes to the neonatal brain. Our findings are supported by a number of different studies that demonstrated the efficacy of AAVs in correcting the CNS pathology in MPS mouse models. For example, AAV vectors have been shown to efficiently transduce the CNS of MPS-VII mice and mediate long-term expression of transgene necessary for a therapeutic response (14, 16, 29) . Further, CNS treatment with rAAV reversed and prevented neuropathology in MPS-I mice (15, 38) . Improved behavior and neuropathology were also observed in an MPS-IIIB mouse model after AAV-mediated gene transfer in the striatum (30) . Interestingly, another recent study by Fu et al. (39) demonstrated the great potential of combining brain delivery and intravenous administration of rAAV for improving CNS pathology in MPS-IIIB mice.
In conclusion, early treatment by AAV-mediated intraventricular injection is sufficient to prevent or delay CNS pathology in MPS-IIIA mice in selected brain regions where concurrent stable expression of the transgenes was also present.
MATERIALS AND METHODS

Vector cloning and production of AAV
The pAAV-CMV-GFP and pAAV-CMV-SGSH plasmids have been described previously (21, 40) . To produce the pAAV-CMV-SGSH-IRES-SUMF1 vector, the GFP coding sequence in the pAAV-CMV-GFP plasmid was replaced by an IRES cassette. The SGSH and SUMF1 cDNA were then cloned, respectively, upstream and downstream of the IRES. The AAV serotype 5 (AAV2/5) vectors were produced by the AAV TIGEM Vector Core according to previously described protocols (41) .
Animals
Homozygous mutant (MPS-IIIA, 2/2) and heterozygous (phenotypically normal þ/þ or þ/2) congenic C57BL/6 mice were utilized (7). Consequently, the term 'normal mice' is used in this paper to refer to the mouse phenotype. Animal studies were approved by the Children, Youth and Women's Health Service Animal Ethics Committee (Adelaide, Australia) and were undertaken with respect to the guidelines of the Australian National Health and Medical Research Council for laboratory animal usage.
Primary brain cell culture and infections
Primary neural cells were obtained from newborn MPS-IIIA and normal control mice, using established protocols (Sutherland-Morizzi et al., submitted for publication). Cultured cells were maintained in DMEM supplemented with 5% fetal calf serum, 5% horse serum and penicillin/streptomycin. For infection, the appropriate AAV vector mix (1 Â 10 5 viral particles/cell) was added to subconfluent cell cultures in DMEM without serum for 2 h.
Intraventricular injections and tissue collection
Newborn MPS-IIIA and normal mice at postnatal day 0 or day 1 were cryoanesthetized. The vectors (6 Â 10 9 or 3 Â 10 10 particles in 1 ml) were delivered bilaterally into the lateral ventricles. Male mice were used for the behavioral tests (8 -10 per group) and kept until 22 weeks of age before sacrifice. The remaining male mice, together with any female mice, were culled at 6, 12, or 22 weeks of age.
At 6 and 12 weeks of age, a total of 12 mice were sacrificed (three in each treatment group). At 22 weeks of age, a total of 24 mice were sacrificed (six in each treatment group). One mouse (at 6-and 12-week time points) or three mice (at 22-week time point) from each treatment group were perfused/fixed with 4% (w/v) paraformaldehyde in PBS. The
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Human Molecular Genetics, 2007, Vol. 16, No. 22 brain was then removed, fixed, divided into two halves along the mid-sagittal fissure and further processed for GFP analysis, immunostaining and EM analysis. The remaining mice from each treatment group were sacrificed, the brains removed and placed into a brain blocker (Braintree Scientific, Braintree, MA, USA). Each brain was then divided along the mid-line: one hemisphere was sectioned coronally into five slices (1 mm thickness each) and samples were frozen at 2708C and processed for SGSH activity.
SGSH activity assay and mass spectrometric analysis
The cell pellets or brain slices were homogenized in 0.02 M Tris/0.5 M NaCl, pH 7.4. Samples were then subjected to six cycles of freeze/thaw and centrifuged; the supernatant was collected and processed for SGSH activity (42) or electrospray ionization tandem mass spectrometry (ESI-MS/MS), as previously described (9) .
GFP analysis and immunostaining
Sagittal vibratome sections were cut at 20 mm thickness and processed for GFP analysis, immunofluorescence or immunohistochemical staining. For GM2 immunofluorescence, we adapted a protocol from McGlynn et al. (23) . Primary antibody (polyclonal rabbit anti-GM2; Calbiochem) was diluted 1:360. For MOMA-2 immunofluorescence, we adapted a protocol from Ohmi et al. (34) . Monoclonal rat anti-MOMA-2 (Serotech) was diluted 1:250, and polyclonal rabbit anti-GFAP was diluted 1:4000. The secondary antibodies were purchased from Molecular Probes or Jackson ImmunoResearch. Immunohistochemistry analysis was performed using Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) according to standard protocols. Sections were mounted and coverslipped in glycerol/DAPI and viewed on an epi-fluorescent microscope or counterstained with hematoxylin and viewed on a light microscope.
Histopathological analysis of lysosomal storage
Blocks of approximately 1 mm Â 2 mm Â 2 mm were taken from the olfactory bulb, cerebral cortex, hippocampus and striatum of paraformaldehyde-perfused brain and subsequently processed using previously published methods (23) . Ultrathin sections were visualized with a Phillips CM100 transmission electron microscope.
Behavioral procedures
All behavioral tests were performed on male mice under normal lighting conditions by the same experimenter (A.F.), using previously established protocols (7, 10) . All mice !15 weeks of age which underwent behavioral tests were singly caged. HVS Image software (www.hvsimage.com) was employed to quantify open-field activity and MWM performance.
Data analysis
Data are expressed as the mean + 1 SEM. ANOVA (or RMANOVA) was used to compare different treatment groups of either mice or cells; a P-value of ,0.05 was considered to be statistically significant. In the MWM test, the latency for each animal to reach the platform was considered as the dependent variable. A natural log transformation was applied to the latency data. RMANOVA was used to assess differences in latency over days, between groups and trials. Each assessment period (visual, acquisition and probe phase) was analyzed separately. The analysis was performed with SPSS v10 by Craig Hirte, Department of Public Health, University of Adelaide, and Luisa Cutillo, TIGEM.
